Abstract-Spaceborne differential radar interferometry has proven a remarkable potential for mapping ground deformation phenomena (e.g., urban subsidence, volcano dynamics, coseismic and postseismic displacements along faults, as well as slope instability). However, a full operational capability has not been achieved yet due to atmospheric disturbances and phase decorrelation phenomena. These drawbacks can often be-at least partially-overcome by carrying out measurements on a subset of image pixels corresponding to natural or artificial stable reflectors [permanent scatterers (PS)] and exploiting long temporal series of interferometric data. This approach allows one to push the measurement precision very close to its theoretical limit (in the order of 1 mm for C-band European Remote Sensing (ERS)-like sensors). In this paper, the detection of both time-uniform and seasonal deformation phenomena is addressed, and a first assessment of the precision achievable by means of the PS Technique is discussed. Results highlighting deformation phenomena occurring in two test sites in California are reported (Fremont in the Southern Bay Area and San Jose in the Santa Clara Valley).
I. INTRODUCTION

I
NTERFEROMETRIC synthetic aperture radar (InSAR) involves phase comparison of SAR images, gathered at different times with slightly different looking angles [1] - [4] . It has the potential to detect millimetric target displacements along the sensor-target [line of sight (LOS)] direction. Apart from cycle ambiguity problems, limitations are due to temporal and geometrical decorrelation [5] , and to atmospheric artifacts [6] - [11] .
Temporal decorrelation makes interferometric measurements unfeasible where the electromagnetic response of a sampling cell changes with time. Moreover, reflectivity variations as a function of the incidence angle (i.e., geometrical decorrelation) further limit the number of image pairs suitable for interferometric applications, unless this phenomenon is reduced due to the pointwise character of the target (e.g., a corner reflector).
In areas affected by either kind of decorrelation, reflectivity phase contributions are no longer compensated by generating the interferogram [5] , and possible phase terms due to target motion cannot be highlighted [2] . Finally, atmospheric heterogeneity superimposes on each SAR image an atmospheric phase screen (APS) that can seriously compromise accurate deformation monitoring [2] , [6] . Indeed, even considering areas slightly affected by decorrelation, it may be extremely difficult to discriminate displacement phase contributions from the atmospheric signature, at least using individual interferograms [2] , [6] , [12] . In order to reduce the impact of the atmospheric disturbances, interferogram stacking techniques have been outlined [11] and developed [12] .
More generally, in order to cope both with atmospheric artifacts and decorrelation, InSAR approaches aimed at ground deformation detection are evolving toward the systematic exploitation of series of SAR images. Besides permanent scatterers (PS), further techniques are being developed, e.g., [13] - [15] .
II. PERMANENT SCATTERERS TECHNIQUE
The PS approach is described in detail in [16] and [17] . Here, we wish to briefly review the core idea, namely the discrimination of the different phase contributions at privileged phasecoherent radar targets exploiting long series of interferometric SAR data like the ones gathered in the European Space Agency (ESA) European Remote Sensing (ERS) archive.
All available images (at least about 25, as we shall see) are focused and coregistered on the sampling grid of a unique master acquisition, which should be selected keeping as low as possible the dispersion of the normal baseline values.
From the available Tandem pairs, a conventional InSAR digital elevation model (DEM) can be reconstructed [1] , [18] . In alternative, an already available DEM can be resampled on the master image grid.
Given ERS SAR data, differential interferograms can be generated with respect to the common master acquisition.
Normal baselines values (referred to the orbit of the master image) approximately range in the interval m. The temporal baseline (with respect to the master acquisition) can exceed five to six years. In order to exploit jointly the whole set of differential interferograms, only phase values relative to pointwise radar targets slightly affected by geometrical decorrelation can be exploited. Of course, a very reduced impact of temporal 0196-2892/03$17.00 © 2003 IEEE decorrelation is required as well. Privileged radar targets preserving phase information under these conditions are hereafter called permanent scatterers.
As already described in previous papers [16] , [17] , the phase of interferogram gathers four different contributions -
where 5.66 cm (for ERS data); is the possible target motion (with respect to its position at the time of the master acquisition); is the atmospheric phase contribution; is the decorrelation noise; and -is the residual topographic phase contribution due to unavoidable errors in the reference DEM.
The PS approach aims at separating these phase terms by exploiting their different spectral behavior in the framework of a multidimensional [time, space and normal baseline (i.e., acquisition geometry)] joint analysis.
• is usually strongly correlated in time and can exhibit different degrees of spatial correlation depending on the phenomenon at hand [17] (e.g., subsidence induced by water/oil exploitation, creeping along seismic faults, localized sliding areas, instability of individual buildings, etc.).
• shows a strong spatial correlation within every single SAR acquisition [7] - [10] , but is uncorrelated in time.
Even though precise state vectors are available for ERS satellites [19] , the impact of orbit indeterminations cannot be neglected [17] and induces low-order phase polynomials within individual SAR interferograms. Again, this phase term is strongly correlated in space, but uncorrelated in time.
Estimated APS is actually the sum of two contributions: atmospheric effects and orbital fringes due to baseline errors [17] , [20] .
• -highlights the exact elevation (hereafter called DEM error) of the individual radar target (e.g., the roof of a building) with respect to the reference DEM.
is proportional to the normal baseline and uncorrelated in time.
Neglecting higher order terms, the following simple expression holds [4] 
where is the sensor-target distance in correspondence of the master acquisition ( 845 km in the center of an ERS scene); is the local incidence angle ( 23 for flat earth in the center of an ERS scene); and is the height of the radar target at hand with respect to the reference DEM.
If the reference DEM is not affected by spatial lowpass errors, -is practically uncorrelated in space. Usually this is not the case for interferometric DEMs where lowpass errors are induced by orbit inaccuracies and atmospheric effects.
is, therefore, the sum of two contributions, both proportional to the normal baseline and uncorrelated in time, but with different spatial behavior.
Since at PS an elevation-dependent phase term is estimated anyway, it is possible to carry out PS analyses even without using a reference DEM, but simply compensating the interferograms for the flat topography phase and retrieving at PS the entire altimetric phase term, instead of just the DEM error contribution. This was performed successfully even in areas showing steep topographic features with height differences exceeding 1000 m. The description of the processing steps required to isolate the different phase terms and, in particular, to retrieve the atmospheric phase contribution is available in [17] and [20] .
Here, we just remind informally the basic idea relying on a joint time-normal baseline analysis of the phase differences relative to couples of so-called permanent scatterers candidates (PSC) quite close to each other (e.g., within a couple of kilometers distance). 1 The phase difference is modeled as differential deformation and differential topography. Residual terms (gathering differential atmospheric signature and decorrelation noise ) are expected to have a standard deviation well below (e.g., rad) and can, therefore, be assumed to be unwrapped (in fact, both and are expected showing small variations, since the two PSC involved in each difference are close to each other and are only slightly affected by decorrelation effects). Selecting a PSC as reference and integrating the in space, unwrapped APS values can be estimated on the sparse grid of PSC (since noise is spatially uncorrelated, its impact is reduced by the integration step). By means of Kriging interpolation [21] , APS data are finally lowpass filtered in space (removal of outliers) and resampled at once on the regular grid of the SAR image.
III. DETECTION OF GROUND DEFORMATION
Let us assume we have correctly identified the atmospheric phase term (actually APS phase contribution due to orbit inaccuracies). We work, therefore, on differential interferograms compensated for APS.
The task is now the discrimination of the phase term due to ground deformation, from the term due to DEM errors. The problem can be solved on a pixel-by-pixel basis (indexes ) in a multiinterferogram framework (index ) -
A key issue is the selection of the mathematical model for target motion. In the following, two simple models will be addressed.
A. Time-Uniform Deformation
The simplest model we can assume for ground deformation is a constant velocity target displacement, i.e., (where is the average deformation rate along the sensor LOS, and is the temporal baseline with respect to the master acquisition). Despite its simplicity, the linear model is extremely useful, allowing one to describe many interesting phenomena (e.g., fault creeping, slow evolving subsidence, etc.).
In this case (4)
The term gathers both phase decorrelation noise and possible time-nonuniform deformation.
Since differential interferograms are available, for each image pixel we have equations in the unknowns and . Unfortunately, the phase values are known modulo-2 , and, therefore, the system is nonlinear. In fact, even if no deformation is occurring, the residual topographic phase will often exceed one phase cycle in large baseline interferograms (e.g., for a 1200-m baseline interferogram, the altitude of ambiguity [3] , [4] is around 7.5 m).
The issue can be thought of as a nonlinear inverse problem [22] that can be solved scanning a two-dimensional (2-D) model's parameter space, seeking the maximum (or the minimum) of a quality index (or an error function) that has to be chosen.
By defining the single-pixel multiinterferogram complex coherence (hereafter often simply called coherence) as (5) we set as the objective function, maximized by the couple . Of course, . This coherence-based approach allows a very interesting interpretation of the task as a nonparametric spectral estimation problem [23] .
The coherence operator can be thought of as a 2-D discrete Fourier transform of the complex signal (available on an irregular sampling grid) from a domain to a domain.
(6)
The coherence-based estimate corresponds then to the nonparametric estimate of the frequencies of a 2-D complex sinusoid, i.e., to the detection of the spectral peak of the periodogram.
It should be pointed out again that actually the complex signal is irregularly sampled both in time (only slightly, as we are going to see in a forthcoming section) and normal baseline dimensions.
The higher the multiinterferogram coherence, the more accurate and reliable the estimate . Depending on the number of available interferograms and on the precision required, we can set a coherence threshold that allows to discriminate targets really behaving as permanent scatterers (and whose LOS deformation can be effectively modeled as time uniform) from phase-unstable points. Coherence can be interpreted, therefore, as an "a posteriori" index of the PS behavior of a radar target, whose reliability depends also on the goodness of the model chosen for displacement.
As we shall see, the single-pixel multiinterferogram coherence allows to infer precious information about the phase stability of the radar target at hand.
If the time series describing the motion of the radar target is more complex, both time-nonuniform deformation and decorrelation noise contribute to the phase residuals impacting on the measured coherence value.
In a forthcoming section we shall discuss the false-detection probability, i.e., the probability that a phase-unstable target generates a high value of coherence and is, therefore, misinterpreted as a Permanent Scatterer.
B. Seasonal Deformation
The coherence-based approach can be easily generalized, in order to detect time-nonuniform deformation, by simply adopting adequate models for the displacement phenomenon to be investigated [25] .
Of course, the problem is still nonlinear, and an increasing number of parameters to be estimated makes the computational burden raising considerably and requires a higher number of interferograms to keep reasonably low the risk of overfitting effects.
In the following we address the detection of seasonal deformation phenomena. In particular, we are going to show results relative to the displacement induced by the seasonal depletion and recharge of the groundwater table beneath San Jose (Santa Clara Valley, CA) in the area delimited by the Silver Creek and San Jose seismic faults.
Reversible seasonal ground deformation occurs in all aquifer systems [26] . The relation between a varying groundwater level and the compression induced on the aquifer system is based on the principle of effective stress, first proposed by Terzaghi [27] . The principle states that when the support provided by the fluid pressure is reduced (i.e., the groundwater level is lowered) the stress, no longer compensated by the support provided by the pore-fluid pressure, is transferred to the granular skeleton of the aquitard layers (i.e., the less permeable beds in a stratigraphic sequence), which undergoes progressive compaction. Conversely, when the aquifer system recharges, the stress is transferred back form the fine-grained substaining structure of the aquitards to the fluid and the skeleton expands.
The groundwater level usually exhibits seasonal fluctuations, mainly due to the climate (e.g., wet winters and dry summers) and to withdrawal of phreatic water, especially for agricultural usage and for supplying large cities and industrial plants. This translates into a completely recoverable deformation occurring in all aquifer systems, resulting in a reversible land surface displacement (sometimes even exceeding the amount of 2-3 cm) in response to the seasonal variation in groundwater pumpage [26] .
This kind of seasonal deformation effects have already been studied by other authors [e.g., [28] , (Los Angeles Basin), [30] , (Los Angeles Basin) [31] , (San Jose, Santa Clara Valley)].
Often the seasonal behavior is coupled with further phenomena, possibly exhibiting a constant displacement rate (e.g., residual irreversible compaction of an aquifer system [26] , or tectonic motion along active seismic faults [30] ).
This suggests to assume the following model for ground displacement (7) The coherence-based inverse problem can be generalized. The model space is now four-dimensional. Three dimensions are given by the parameters of the model assumed for deformation, namely (amplitude of the seasonal deformation phenomenon), (temporal offset of the maximum land surface level with respect to the date of the master acquisition) and (average deformation rate). As long as we are investigating cyclic phenomena with a 1 year periodicity, is constant ( year). The same model for displacement is being used in the framework of other studies [32] , [28] .
The fourth parameter is, as usual, the error on the DEM in correspondence of the scatterer at hand.
The expression, whose absolute value has to be maximized, is now (8) Of course, the higher the number of parameters, the higher the computational burden and the risk of overfitting effects.
IV. PRECISION ASSESSMENT
As all conventional InSAR products, PS measurements are differential both in time and in space. In time, deformation data are referred to the common master image. In space, data are referred to a Ground Control Point (GCP) of known position (and, possibly, deformation). We have, therefore, to distinguish a spatial lowpass precision (i.e., a lowpass error, increasing with the distance from the GCP) and a highpass precision (i.e., the differential precision of measurements carried out at individual PS with respect to nearby pixels). We are going to investigate this second aspect.
The main goal is to extract, from the multiinterferogram coherence, information about the standard deviation of the phase residuals , and, therefore, about the standard deviation of individual PS displacement measurements. A second issue is to evaluate the false PS detection probability, i.e., the probability that an unstable radar target shows a high value of coherence and is therefore interpreted as a PS, due to possible overfitting effects.
Furthermore, from , we wish to infer the standard deviation of both estimated terms .
A. Statistical Description of and
The first issue is a statistical description of the multiimage single-target coherence (9) where and are the real and imaginary part of the complex random variable .
Let us assume that the phase residuals are uncorrelated and identically distributed with zero mean and even probability density function (pdf) . (It is implicitly assumed that the model adopted for describing surface deformation is adequate; otherwise residuals are no longer uncorrelated. In this case, would underestimate the quality of the corresponding PS measurements, as the repeatability can do with global positioning system data [29] ).
As a consequence of the central limit theorem, both and are assumed to be distributed as normal random variables. is, then, a 2-D Gaussian random variable (of course, this is only approximately true, since ). In order to fully describe , we just need to compute and the covariance matrix var cov cov var (10) It is easy to recognize immediately (since ) (11) (12) Moreover (13) where is the Fourier transform of the pdf of the phase residuals . Since we assumed being an even function (14) For phase-coherent radar targets, it is reasonable to assume a (zero mean) normal distribution of the residuals induced mainly by the small amount of decorrelation noise affecting the PS at hand (15) Starting from the well-known Fourier pair [33] , it is easy to prove that (16) and, therefore (with the substitution ), . Finally we get (17) Let us evaluate now the elements of the covariance matrix starting with the variances of and . For the second-order moment , we obtain (18) For (occurring times) we have to compute , for , occurring times .
The first term can be written as (20) where the random variable is still Gaussian with variance . The Fourier transform of the corresponding pdf is then (21) and (22) For the other term (23) where both random variables and follow a Gaussian distribution with zero mean and variance (24) leading to the following expression: (25) In conclusion (26) and (27) The same steps are repeated to compute (28) We notice immediately that , i.e., the complex random variable is not circular.
In particular, we obtain
The covariance is (30) and (31) Interestingly enough, sine and cosine of the very same symmetrically distributed (zero mean) random variable are uncorrelated (as a consequence of the fact that covariance can be seen as a scalar product and, therefore, uncorrelation as orthogonality). is, then, distributed as a 2-D normal random variable with independent real and imaginary parts, with a real positive average value and with different variances along the two dimensions. The pdf depends on the unique parameter : (for the sake of simplicity in the following, we replace and , respectively, with and ) (32) where (33) The ratio increases with a decreasing and becomes, therefore, large for PS. With a Mac Laurin expansion we get the following approximation (valid for , i.e., for good PS):
To obtain the marginal distribution for , we transform Cartesian coordinates in polar coordinates and integrate along (34) Unfortunately, the integral is not solvable in closed form. For , the expression would lead to a Rice distribution, but this requires to be close to 1.5 rad, which of course means that we are no longer describing permanent scatterers.
Anyway, having retrieved the is determined as well (even though only numerically) and, starting from the measured value for , it is possible to carry out hypothesis testing on to characterize PS more finely. For the particular issue of describing incoherent radar, it is reasonable to assume uniformly distributed phase values. This leads to (35) and (36) The central limit theorem allows, then, to assume a zero-mean circular Gaussian distribution for (37) that transforming Cartesian into polar coordinates and integrating along leads to a Rayleigh distribution for of decorrelating radar targets (38) It is worth pointing out that for PS even a simple description of in terms of mean and standard deviation is very useful. In fact, since permanent scatterers are characterized by a low phase dispersion of the residues, the measured coherence value is very close to . Furthermore, it is rather easy to verify (numerically) that for PS (39) thus allowing to estimate directly from the measured (40) which can be converted in the dispersion of individual deformation measurements at single PS (41) Fig. 2 . as a function of N , for significant values of jj, i.e., 0.7, 0.8, 0.9, 0.95. Uniform temporal sampling is assumed (T = 35-day revisiting time). Since the value of depends on the whole observed time span (that for a given N is going to be larger than N 1 T ), the curves plotted are very conservative.
Measured coherence values
, and correspond to estimated , and mm, respectively. As already mentioned in the abstract, this very last figure of 1 mm can be thought of as an indicative limit for the precision of C-band ERS-like interferometric measurements. In fact, for a metallic reflector with 1 m area and typical ERS parameters ( 0.056 m, area of a sampling cell 80 m ) and assuming 0 dB (a high value, reasonable for strong clutter in urban areas) we get the following SNR: SNR (42) corresponding to a coherence [34] SNR SNR (43) and, therefore, to a 0.9 mm ( 0.19 rad, i.e., around 11 ).
As a matter of fact, is deeply related to the conventional interferometric coherence defined as (44) where and are respectively the master and slave image. is usually computed assuming ergodicity in space and averaging values relative to neighboring pixels of a single interferogram after having locally compensated-for deterministic phase contributions.
Conversely is evaluated on a pixel-by-pixel basis involving several interferograms (i.e., somehow along the time dimension).
The main difference is that in the computation of , amplitude values are not involved at all. Anyway, for high SNR targets , and approaches, therefore, the theoretic value of the conventional interferometric coherence is (45) The estimate can be enriched, providing as well a value for the standard deviation of . Again, for PS, the variability of depends mainly on the variability of its real part (46) In Fig. 1 , the estimated values for and are plotted as a function of for various . Having demonstrated that from a measured it is possible to estimate , each PS can be provided with a figure for the precision of the estimated and .
In [16] , it was already pointed out that, as discussed in [24] , the dispersion of a periodogram-based estimate of the spectral peak of a single tone signal (as long as SNR is high enough) has the same expression of the dispersion relative to a linear regression estimate. In [35] the generalization to the 2-D case is addressed.
Intuitively this means that as long as the SNR is high enough, phase ambiguity implies nonlinearity of the problem (and, therefore, requires different solution strategies) but ultimately does not affect the precision of the estimate.
Of course, since we are dealing with irregularly sampled data (in particular, along the normal baseline dimension) the following expressions, directly derived from linear regression theory [36] and already given in [16] , are only approximately valid (47) (48) where and . As a matter of fact, the value measured for at phase stable PS allows to immediately estimate and, subsequently, and , exploiting the temporal and normal baseline distribution of the dataset at hand.
In Fig. 2 , is represented as a function of for significant values of (hypothesizing regular sampling along time and Gaussian distributed normal baseline values. The plausibility of these assumptions is going to be addressed in a forthcoming section).
B. False-Detection Probability
We wish now to investigate the false-detection probability, i.e., the probability that an incoherent radar target by chance shows a high value of and is, therefore, wrongly interpreted as a PS.
A first coarse evaluation can be performed starting from (38)
For a finer assessment, we have to take into account the fact that, for discriminating the residual topography phase term from the deformation one, we sought for the maximum value of , exploiting the parameters of the model as degrees of freedom and working on wrapped phase data.
We have to look for the distribution of the following random variable (50) where is a candidate set of parameters ( and are temporal and normal baseline vectors).
Unfortunately, since we are exploring the parameter space with a fine sampling step, the quantities cannot be considered independent. The problem gets rather difficult, and its analytical solution is not trivial.
For a rapid assessment of the false PS detection probability, it is, therefore, more convenient to run numerical simulations, involving the distribution of ERS acquisitions along time and normal baseline while exploring the model's parameter space.
1) ERS Data Sampling Along Time and Baseline Dimensions:
A first assessment of the distribution of ERS data spacing along time and normal baseline has been carried out, exploiting orbital data relative to a considerable amount of ERS acquisitions that have been involved in PS analyses carried out at Polimi and Tele-Rilevamento Europa-T.R.E. S.r.l (a Polimi spin-off company).
A total of 1531 scenes (487 ERS-1 and 1044 ERS-2) acquired in the Northern Hemisphere (approximately between latitudes 30 N and 65 N) over Europe, North Africa, Asia, and North America, in the time span 1992-2000, have been used to retrieve a sampled pdf of the ERS data as a function of time and normal baseline (2001 data have been discarded, since after the failure of gyro 1 on January 7, 2001, ERS-2 operations have been performed in Extra Backup Mode (EBM) with orbit deadband requirements lowered from 1 km to 5 km, [37] ).
The results are well summarized in Figs. 3-5.
The following conclusions can be drawn.
• As a first approximation, ERS data (in particular ERS-2 data) can be assumed being regularly spaced in time, since the time span between successive acquisitions amounts to the 35-day revisiting time with an occurrence of 73% and 56% (respectively, ERS-2 and ERS-1; see Fig. 3 ).
• On the other hand, the normal baseline distribution is more complex and quite different for the two sensors. To make comparable baseline values relative to acquisitions belonging to different scenes (and, therefore, not part of a homogeneous dataset referred to a unique master) mean values have been discarded. The ERS-2 normal baseline distribution can be roughly approximated with a zero-mean triangular-shaped function. The sampled standard deviation amounts to around 465 m (see Fig. 4 ).
ERS-1 data, conversely, show a more articulated behavior, being quite uniform in the interval 600 m and then exhibiting asymmetric tails. The sampled standard deviation is a bit larger, about 515 m (see Fig. 5 ).
The histogram (and, therefore, the sampled pdf function) could be approximated with a generalized Gaussian [22] , even though this does not take account of the skewness.
The physical interpretation of both sampled pdfs is still in progress.
Separate analyses relative to ascending and descending passes have been carried out as well, but did not highlight any significant difference with respect to the joint one.
The ERS-1/2 combined sampled pdf is depicted in Fig. 5 . A simple, but very effective approximation is to assume a Gaussian behavior with zero mean and standard deviation 482 m.
2) Numerical Simulations: In order to estimate precisely the false PS detection probability, numerical simulations have been carried out, generating uniformly distributed random phase values, carrying out the joint periodogram-based estimate and retrieving the measured value of . A family of sampled has been obtained in dependence of the number of images . For each value of 10 random phase sequences have been analyzed, assuming regular sampling in time and a Gaussian distribution for the normal baselines. Some results are plotted in Fig. 6 .
As already mentioned, the PS analysis is carried out on a "pixel-by-pixel" basis and leads to spatial densities of 125-400 PS/km in urban areas. For rural areas it is not possible to provide general figures. Reasonable values could be 15-50 PS/km , even though the fluctuations of the PS density are much higher in response to the availability of individual man-made structures or exposed rocks (e.g., in [38] , despite the full absence of urbanization, as much as 200 PS/km were identified, all corresponding to bare rocks). Of course, in case of complete vegetation cover and absence of both man-made structures and bare soil outcrops, the local PS density drops to zero.
All these values are indicative and based on the experience built up from studying the PS approach tens of different test sites in various continents.
Assuming flat topography (1 km corresponds to 50 rg 250 az 12 500 pixels), this means that in urban areas the amount of image pixels behaving as PS is 1% to 3.2%, in rural areas reasonably 0.12% to 0.4%.
Accepting, for instance, up to 1% of outliers, the false alarm probability has to be set up to 10 for urban areas (and 10 for rural areas). Of course, 10 tests (for each ) are barely sufficient for investigating the 10 value (see Fig. 7 ). The graph allows to appreciate to which extent the coherence value measured at a radar target is (or is not) a significant index of phase stability. In particular, we see that only for small datasets (e.g., less than 20 images), it becomes possible that fully incoherent targets generate high values of , impacting seriously on the reliability of PS measurements. For the sake of simplicity, often the coherence threshold is set at 0.8, corresponding to an expected value of dispersion on individual PS position measurements as high as 3 mm [see (1) ]. This leads to a reasonable false-detection probability if at least 25 ERS images are available.
The generalization to a higher number of parameters is straightforward, even though the computational burden for the same amount of independent tests grows exponentially with the number parameters taken into account by the model adopted.
3) Progressive Decorrelation: The evaluation of the false alarm probability relative to fully incoherent targets highlights that at least a figure of around 20 images should be involved in a PS analysis, but does not fully justify the recommendation to use systematically as many acquisitions as possible.
To this end, it is useful to adopt a more realistic (even though still strongly simplified) model for describing the phase residuals relative to individual decorrelating pixels (51) where is pure decorrelation noise and identifies a short-term correlation contribution.
Both and are modeled as stationary Gaussian random processes with and . Moreover, is white (for ), whereas is assumed to exhibit a decaying correlation (e.g., with time. In principle, the same behavior could be envisaged with respect to the normal baseline as well, even though in this latter case irregular data sampling should be taken into account). Finally, and are, of course, mutually uncorrelated. The variance of the residuals identifies the phase stability of the radar target at hand, and can be estimated as (52) Conversely, the variance of ( ) identifies the precision of the phase stability estimate relative to the target and is, therefore, an index that can be used to quantify the false-detection probability.
can be computed directly from its definition
It is very easy to show that
The computation of (55) is slightly more cumbersome, even though conceptually straightforward. Involving the correlation model assumed for , remembering that for a zero-mean Gaussian random variable , , neglecting terms, and assuming is large enough to approximate partial sums of geometric successions with the corresponding series, we obtain (56) leading to following expression for the variance of :
gathering the effects of both decorrelation noise and short-term coherence contributions. If we assume that the residuals are due to pure decorrelation noise we get
Conversely, if we assume that the only contribution is due to short-term coherence we get (59) highlighting, that as a consequence of the correlation in the residuals, the variance of the estimate of the phase dispersion decreases more slowly, as a function of an equivalent number of images (60) (e.g., for , for and for ). This shows that, for discriminating PS from short-term coherent targets, a higher number of images is required. Of course, if is high, these latter radar targets provide useful interferometric information and deserve being examined in a suitable subdataset. Anyway, considering them as full PS rises the risk of drawing wrong conclusions and introducing false alarms (e.g., outliers in a displacement time series).
V. RESULTS
The major advantages of the PS approach are a remarkable precision coupled with a high spatial density of benchmarks. A further interesting property is the availability of point displacement data, enabling to describe motion affecting individual structures.
On the other hand, the main limit is related to the intrinsic ambiguity of phase measurements that prevents the technique from being able to monitor rapidly evolving deformation phenomena [25] (the theoretical limit given by the sampling theorem is 14 mm/35 days and can be circumvented only if it is possible to model and exploit the spatial correlation of the displacement phenomenon at hand).
Moreover, a sufficient spatial PS density (5-10 PS/km ) is required to properly estimate and remove atmospheric artifacts, and at least about 25 images are necessary to fulfill a reliable PS analysis.
In order to highlight and prove the advantageous properties of the technique, we wish to show some significant results relative to two test sites in California, namely Fremont in the Southern Bay Area and San Jose at the northwestern end of the Santa Clara Valley.
Forty-six ERS-1/2 images gathered along descending orbits in the time span May 1992-November 2000 have been exploited.
The reference point deformation data both test sites are relative to was chosen in Fremont, between the Gomes Park and the Mission San Jose Community Park, a couple of kilometers north of the area represented in Fig. 8 (no a priori was available to confirm whether the reference point is really motionless).
A. Progressive Time-Uniform Deformation
As already mentioned, the model for time-uniform deformation is often sufficient for properly describing creeping along active seismic faults. In particular, attention has been devoted to the Southern Hayward Fault, identifying by means of the PS approach the average deformation rate (along the ERS LOS) gradient crossing the fault.
The Hayward Fault is part of the San Andreas Fault System and crosses the densely populated East Bay Area. As a matter of fact, the 1868 7.0-magnitude earthquake [39] that before the 1906 event used to be referred to as the "great San Francisco earthquake" occurred on the Hayward Fault. Often, two segments are distinguished, namely the Northern and Southern Hayward Fault [40] . The northern segment has been studied intensively by means of traditional interferometry [41] , [42] . We will focus on the Southern Hayward Fault extending approximately from (37.45 N, 121 .81 E), around 15 km NE of San Jose, to (37. 73 N, 122.13 E), beneath San Leandro, with a length of about 43 km [40] . The Hayward Fault is a right-lateral strike-slip fault. An estimated value for the slip rate is 9 mm/year [40] , [43] . Other studies [44] based on high-precision deformation data recorded at creepmeters provide a similar figure for the slip rate at Fremont ( 8.5 1 mm/year, Osgood road, in the time span 1993-1997) highlighting that toward north (Hayward, Palisdes road) the slip rate decreases to 0.05 mm/year (in the same time span). Precision and (temporal) sampling frequency of creepmeter displacement data are extremely high (respectively a small fraction of a millimeter and up to 10-min temporal sampling interval [44] ).
As already mentioned, SAR interferometry allows to detect deformation along the target-sensor LOS, which can be identified by means of a normalized vector (often referred to as sensitivity vector [2] , [20] , since it summarizes the system sensitivity to ground displacement).
In Fremont, the sensitivity versor exhibits the following components:
(61) can be assumed constant over areas of several square kilometers, since it varies slowly, mainly as a function of the incidence angle (i.e., of the range coordinate of the pixel at hand).
The fault trace trends S 48.8 E ( 41.2 with respect to Easting; see Fig. 8 ), and since horizontal creeping is occurring we can project the slip rate along Easting and Northing obtaining mm/year mm/year mm/year (62) The velocity variation along the ERS LOS can be obtained as scalar product . The figure mm/year detected at the creepmeter along Osgood Road is translated in mm/year, which matches pretty well the sharp gradient in LOS velocity measured at PS crossing the Hayward Fault along section AA' (approximately 3.2 mm/year), i.e., along Carol Avenue, within a few hundreds of meters from the creepmeter. In Fig. 8 , the LOS velocity of the PS closest to section AA' is depicted. It should be pointed out that these velocity values have been retrieved at individual radar targets, without interferogram filtering (Kriging interpolation of the APS values estimated on the sparse grid of permanent scatterers Candidates is, of course, a spatial lowpass filtering operation. However, since from the interferometric phase of single radar targets a spatially correlated term (the estimated APS) is removed, the final effect resembles more a highpass filtering step, even though, of course, deformation terms that are correlated both in time and space are left unchanged).
PS displayed in Fig. 8 show , leading therefore to 0.67 rad and 3 mm (on each measurement of the relative position of single PS). Since . Other high-coherence PS in the immediate neighborhood highlight the same small step. Finally, given the temporal sampling of the ERS data available, we obtain 0.2 mm/year. The PS spatial density amounts to around 170 PS/km . Section AA' is about 3.5 km long. The average deformation rate of PS along the section highlights that besides the velocity discontinuity in correspondence of the fault, on the western side of the rupture (i.e., toward A'), a smooth gradient in the displacement rate can be appreciated within the first several hundred meters (one azimuth pixel corresponds to 4 m) from the fault.
Moreover, creepmeter data [44] and, therefore, 1.15 mm. (Since we are computing the difference of two independent measurements, this figure should increase, but this latter effect is compensated by the averaging of the two position records relative to each Tandem pair.) Of course, such a millimetric deformation is very close to the theoretical limit of PS measurement precision, not allowing to claim with certitude the correct detection of the rapid millimetric slip occurring along the fault in February 1996 (also because of the lack of ERS data immediately before and after the phenomenon). Nevertheless, we point out that other PS in the immediate neighborhood show similar trends.
Moreover, a vertical slip of the same magnitude would be detected without problem, since its projection along the ERS LOS is much larger.
B. Seasonal Deformation
Further interesting results have been obtained studying the area of San Jose at the northwestern end of the Santa Clara Valley, where the zone delimited by the Silver Creek and the San Jose Fault undergoes strong seasonal deformation. As already mentioned in a previous section, we are facing the reversible compaction and dilation of the aquifer system in response to a seasonally fluctuating groundwater level [31] .
Adopting the simple sinusoidal model for seasonal deformation introduced in a previous section, very interesting results have been obtained.
Estimated amplitude and temporal offset for each individual PS are represented in Fig. 9 . The area affected by significant seasonal displacement is sharply delimited by the Silver Creek Fault. As expected, motion occurs coherently, and all radar targets move synchronously (see Fig. 9 ). The PS density is rather high; setting the coherence threshold at 0.8, it exceeds the amount of 230 PS/km . The peak-to-peak amplitude (i.e., ) of the oscillation achieves 3 cm, in agreement with what has been highlighted by other studies [46] and measured at borehole extensometers in San Jose [45] . The sensitivity versor relative to downtown San Jose is slightly different from the one relative to Fremont (63) Again, SAR data take account only of the deformation occurring along the LOS direction (the combination of ascending and descending data allows to solve for two directions). Under the hypothesis that the whole deformation occurring takes place along the vertical direction, ERS deformation data could be rescaled with the factor to match vertical displacement data, even though the correction is often below the theoretical limit on the system sensitivity ( 1 mm).
The sharp gradient in the amplitude of the seasonal deformation across the Silver Creek Fault (Fig. 9) deserves being studied from a geological and geophysical point of view in order to infer information relative to the permeability of the first stratigraphic layers crossed by the rupture. More generally, further investigations should be devoted to analyzing displacement phenomena along the Silver Creek Fault, a Quaternary fault considered tectonically inactive [45] but poorly known (right lateral strike slip character, traditional in situ geological survey did not allow to estimate the slip rate and assess whether some activity is still occurring or not [48] ).
On the other side, the gradient across the San Jose Fault is much more gentle, suggesting a higher permeability and compressibility of the surface layers. (The San Jose Fault is characterized by a low slip rate, 0.5 mm/year [40] .)
As a significant example, the position of a PS on the crossroad U.S. Route 101 and Zanker Road, in proximity of the San Jose International Airport, has been mapped on high-resolution aerial photography [47] . The corresponding deformation time series is depicted in Fig. 9 , showing a peak-to-peak excursion of about 2 cm . Position and time series of a further PS, north of the Silver Creek Fault are given as well (Fig. 9) . The PS corresponds to the building on the crossroad Murphy Avenue-Lundy Avenue and is not affected by deformation . The distance between the two radar targets amounts to around 2 km.
VI. CONCLUSION
The PS technique is a fully operational powerful tool allowing to exploit long series of interferometric SAR data aiming at high-precision ground deformation mapping. We showed both analytically and experimentally that the precision of the technique achieves values of 1-3 mm on individual measurements and 0.1-0.5 mm/year on the average deformation rate. Moreover, since PS are pointwise targets whose elevation is known with high precision as well ( 1 m [16] ), deformation data can be mapped on the corresponding structures (e.g., in a geographic information system environment or using either aerial photography or high-resolution spaceborne optical imagery).
The precision assessment of the technique deserves further studies, in particular to investigate the spatial lowpass error increasing with the distance from the ground control point PS results are relative to.
A further research issue is the combination of PS data relative to adjacent tracks and ascending and descending passes in order to increase the PS spatial density and to cross-validate results [49] , as well as to map deformation along two independent dimensions.
